Polyphosphate kinase 1 (PPK1), the principal enzyme responsible for reversible synthesis of polyphosphate (poly P) from the terminal phosphate of ATP, is highly conserved in bacteria and archaea. Dictyostelium discoideum, a social slime mold, is one of a few eukaryotes known to possess a PPK1 homolog (DdPPK1). Compared with PPK1 of Escherichia coli, DdPPK1 contains the conserved residues for ATP binding and autophosphorylation, but has an N-terminal extension of 370 aa, lacking homology with any known protein. Polyphosphate or ATP promote oligomerization of the enzyme in vitro. The DdPPK1 products are heterogeneous in chain length and shorter than those of E. coli. The unique DdPPK1 N-terminal domain was shown to be necessary for its enzymatic activity, cellular localization, and physiological functions. Mutants of DdPPK1, as previously reported, are defective in development, sporulation, and predation, and as shown here, in late stages of cytokinesis and cell division.
inorganic polyphosphate ͉ cell division ͉ multinucleated cells I norganic polyphosphate (poly P), a linear chain of tens or hundreds of orthophosphate (P i ) residues linked by highenergy phosphoanhydride bonds, is ubiquitous in nature. It is a dynamic molecule in all organisms (archaea, bacteria, fungi, plants, insects, and mammals) and may attain a level of 20% of the cell dry weight in Saccharomyces cerevisiae (1) . Conserved and versatile, poly P plays a variety of essential roles. Among them are survival in the face of stress and stringencies (2, 3) , bacterial motility (4-6), biofilm formation and virulence (7) , predation, and the developmental stages of social bacteria and slime molds (8, 9) . Poly P is also involved in blood coagulation (10) and mammary cancer cell proliferation (11) . Poly P is a part of a polyhydroxybutyrate-Ca 2ϩ complex responsible for the uptake of DNA in Escherichia coli and ion transport in human mitochondria (12, 13) .
Among the growing list of enzymes that make and hydrolyze poly P, polyphosphate kinase 1 (PPK1) is the most widely conserved (14) . PPK1 homologs have been found in Ͼ100 prokaryotic species, including 20 major pathogens, and to date, only in a few eukaryotes, including the PPK1 homolog of the social slime mold Dictyostelium discoideum (DdPPK1) (15, 16) . The deduced amino acid sequence of DdPPK1 shares 30% identity and 51% similarity with E. coli PPK1 (EcPPK1). However, DdPPK1 contains 1,050 amino acid residues as compared with only 688 residues in EcPPK1; the 370-aa N-terminal domain, occupying one-third of DdPPK1 in length, shows no homology to EcPPK1 or any other protein in the GenBank database.
The crystal structure of EcPPK1 (17) revealed an ATPbinding pocket located in a highly conserved structural tunnel. Among the 11 conserved residues essential for a presumed poly P tunnel, 10 are present in DdPPK1; 14 of 16 residues in the ATP binding pocket are also located in DdPPK1 [supporting information (SI) Fig. 8 ]. Studies with EcPPK1 indicated that two histidine residues, H435 and H454, are the probable autophosphorylation sites involved in poly P synthesis (18) . However, recent studies implicated only H435 (17). The two histidine residues (H435, critical for autophosphorylation, and H592, required as a general acid catalyst in EcPPK1) and four other highly conserved residues (corresponding to D470, E623, S610, and T458 in EcPPK1) are also present in DdPPK1. Thus, DdPPK1 may share similar structural features with EcPPK1 in the unique ATP binding pocket and poly P tunnel.
Mutants deficient in DdPPK1 (herein after referred to as DdPPK1 mutant) have a reduced poly P level, and are defective in fruiting body development, sporulation, and phagocytosis (8) . Here, we report the enzymatic features and the cellular localization of the DdPPK1 and the essential feature of its unique N-terminal domain in enzymatic activity, protein sorting, and cellular functions. Moreover, we also observed the deficiency of the mutant in cytokinesis, a fundamental process in cell division.
Results
DdPPK1 Activity. A PPK1 activity of Ͻ200 units per mg of protein was detected in lysates of WT D. discoideum under standard EcPPK1 reaction conditions. The effect of reaction temperature on enzyme activity was tested between 15°C and 40°C, and the maximum activity was observed at 37°C. The specific activity was increased nearly 10-fold to the level of Ϸ2,000 units per mg of protein by adding poly P (type 15 or 75, 0.5-5 mM in P i residues) and by optimizing salt concentration and pH (see Materials and Methods). When grown in HL5 medium, the activity peaked in log phase (1-2 ϫ 10 6 cells per ml) and declined as cells entered stationary phase (SI Fig. 9 ).
Expression and Purification of DdPPK1. Ddppk1 was cloned into a D. discoideum expression vector pTX-GFP to yield pTX-Ddppk1 (8), in which Ddppk1 was overexpressed under the strong promoter Pact15. WT cells containing pTX-Ddppk1 have DdPPK1 activities of Ϸ10,000 units per mg of protein in crude lysates, at least 5-fold higher than WT cells. DdPPK1 was purified from the overexpressing cells by sequential chromatography on Heparin, DEAE, and Mono Q columns (Table 1) . DdPPK1 was purified Ϸ500-fold compared with the enzyme in the WT; the specific activity of the purified protein was Ϸ5 ϫ 10 5 units per mg of protein, a value near that of the recombinant EcPPK1 (2 ϫ 10 6 units per mg of protein). The purified DdPPK1 has an approximate molecular mass of 118 kDa on SDS/PAGE (Fig. 1) , indicating that DdPPK1 does not undergo major processing in vivo. The purified preparation did not contain a protein corresponding to DdPPK2 or a similar activity (19) .
Oligomerization of DdPPK1. The molecular mass of native DdPPK1 was measured by size-exclusion chromatography on a HPLC system. On the basis of the elution pattern of DdPPK1 with Na 2 SO 4 (150 mM, pH 7.4), the size of the protein was estimated to be Ϸ720 kDa, presumably a hexamer of 118-kDa subunit (Fig.  2 ). In the presence of poly P (type 15, 10 mM in P i residues) or ATP (2 mM), DdPPK1 was eluted in the void volume (5.2 ml) of the column, suggesting a molecular mass of Ͼ1,028 kDa under these conditions. DdPPK1 may thus form higher oligomeric structures in the presence of either poly P or ATP.
Products of DdPPK1.
As with other PPK1s, the poly P synthesizing activity of DdPPK1 was processive, but the products were more heterogeneous and shorter in chain length (Fig. 3) . Unlike EcPPK1, which produced a monodisperse long-chain poly P of 700-800 residues, DdPPK1 produced poly P with broad-range chain lengths of 50-300 P i residues, among the shortest produced by any known PPK1s so far. The poly P products were completely hydrolyzed by an exopolyphosphatase (Fig. 3 ).
Other Characteristics of DdPPK1. Poly P is known to stimulate the activities of Pseudomonas aeruginosa PPK2 (16) and Myxococcus xanthus PPK1 (9) . A nearly 10-fold stimulation was observed for DdPPK1 in crude lysates, but stimulation was Ͻ2-fold with the purified enzyme when poly P was added to the reaction mixture (SI Fig. 10 ). In crude lysates, the added poly P may act to protect the 32 P-poly P product from degradation. D. discoideum also has an actin-related poly P synthesizing complex (DdPPK2) that is KCl dependent (19) . In contrast, KCl inhibited DdPPK1 activity (SI Fig. 11 A) . At a concentration of 200 mM KCl, the inhibition was 80%, and at 500 mM, the inhibition was almost complete.
Phalloidin, a heptapeptide toxin from the mushroom Amanita phalloides, which binds tightly and specifically to polymerized actin (20) , inhibited poly P synthesis by DdPPK2 (19) . Assuming that DdPPK2 was a tetramer, complete inhibition was seen at a molar ratio of phalloidin to the enzyme between 1:1 and 1:2. However, DdPPK1 activity was inhibited only by 25% at 2 nM phalloidin and Ϸ80% at 10 nM (SI Fig. 11B ). The molar ratio of phalloidin to DdPPK1 is 10:15 for complete inhibition of DdPPK1 activity (SI Fig. 11C ). Similar ratios of phalloidin and PPK1 were observed for inhibition of PPK1 from E. coli, P. aeruginosa, and Bacillus cereus (M.R.G.-G. and X.S., unpublished data). Localization of DdPPK1. The localization of DdPPK1 was detected by using a GFP-DdPPK1 fusion protein and by immunofluorescence methods. A GFP-DdPPK1 fusion protein was both enzymatically and functionally active. The mutant carrying pTX-gfpDdppk1 expressed PPK1 activity up to levels of Ϸ5,000 units/mg in a crude lysate (Table 2) and was similar to WT in plaqueforming activity on a Klebsiella aerogenes lawn (Fig. 4 ). DdPPK1, which shows a significant homology to EcPPK1, is recognized by the antibody raised against EcPPK1. As shown in Fig. 5A , there is only one positive band at Ϸ118 kDa detected by Western blot against WT extract, whereas no signal was detected in the mutant extract. Immunofluorescent detection of the enzyme in fixed WT cells indicated that DdPPK1 was dispersed probably in membrane vesicles (Fig. 5B) , the same as seen for GFP-fusion protein. No immunofluorescent signal was detected in the mutant cells (data not shown).
Functions of DdPPK1 N-terminal Domain. The unique N-terminal extension of 370 aa was essential for DdPPK1 enzymatic activity, cellular localization, and functions. The mutant overexpressing full-length DdPPK1 (containing pTX-DdPPK1) had a very high activity (Ϸ11,000 units/mg in crude lysate), but the N-terminal truncated form (either pTX-372-Ddppk1 or pTX-gfp-373-Ddppk1) showed very little activity in cell extracts ( Table 2) . The truncated DdPPK1, unlike the full-length DdPPK1, was localized in the cytosol on the basis of the GFP signals of the mutant cells bearing the pTX-gfp-373-Ddppk1 (Fig. 6 ) rather than in the membrane systems. The truncated DdPPK1 failed to complement the mutant for growth on a K. aerogenes lawn, whereas full-length DdPPK1 complemented the mutant as measured by plaque size (Fig. 4) .
DdPPK1 Mutant Cells Failed to Complete Cytokinesis.
In addition to its functions in development and phagocytosis (8), DdPPK1 plays a role in the late stages of cytokinesis and cell division. Unlike WT cells, which were almost all mononucleated, Ϸ30% Fig. 3 . Poly P products of DdPPK1. Poly P synthesis with 40 ng of DdPPK1 was carried out with [␥-32 P]ATP under the optimal conditions for 30 min. Products were purified, treated with exopolyphosphatase (PPX) (as described in Materials and Methods) and separated by 20% PAGE containing 7 M urea, and visualized by PhosphorImager (Molecular Dynamics). P 750 is a purified product of EcPPK1, which has a chain length of Ϸ750 residues. P 300, P50, and P30 indicate the position of poly P with different chain lengths. PP i, pyrophosphate. (A) Poly P products before (Ϫ) and after (ϩ) PPX-treatment. (B) The region between poly P 750 and PPi from gel A is magnified to highlight the chain lengths of poly P. Note that pTX-gfp is the vector; pTX-Ddppk1 and pTX-gfp-Ddppk1 contain full-length DdPPK1 and its GFP fusion, respectively; pTX-372-Ddppk1 and pTX-gfp-373-Ddppk1 contain truncated DdPPK1 and its GFP fusion, respectively. See Materials and Methods for detail. Data are based on the average values of three independent determinations. of DdPPK1 mutant cells were multinucleated when grow on surface in HL5 medium (Table 3) . Similar result was obtained with cells in suspension.
To examine the different stages in cytokinesis, cells were transformed with a myosin II-GFP-expressing plasmid and the process was followed by live-cell microscopy. WT cells completed cell division in Ͻ3.5 min after anaphase (Fig. 7) , whereas DdPPK1mutant cells took longer, and 16 of 39 cells observed failed to divide. Although the typical myosin II location in the cleavage furrow was seen in all cells, the furrow ingression in the mutant failed to progress to completion (Fig. 7) . After 10-25 (average, 17) min, daughter cells of the mutant fused and became mostly binucleated. Also observed were four binucleated parent cells that completed the first round of cytokinesis but failed in the next to become either two binucleated daughter cells or a mononucleated and a trinucleated cell. Of the 19 cells that divided normally, the time interval between anaphase and the end of cytokinesis was between 3 and 10 min, on an average about twice the time taken by the WT cells.
Discussion
The principal bacterial enzyme for the synthesis of inorganic poly P is PPK1. This enzyme is widely conserved in bacteria and serves a number of essential roles (1). DdPPK1 is shown to be essential in development, sporulation, and predation (8) . Here, we report the purification, characterization, and cellular localization of DdPPK1 and a unique role in cytokinesis.
Although DdPPK1 activity in crude lysate was stimulated by the addition of poly P in the reaction mixture, the effect was very much reduced in partially purified enzyme. This suggests that poly P is required not as a primer, but as a stabilizer, to neutralize the contaminating exopolyphosphatase activity present in crude extract or in partially purified enzyme preparation. So far, no PPK activity from any source has been shown to require or use a primer.
The DdPPK1 sequence reveals an N-terminal domain of 370 aa with no homology to any known protein (SI Fig. 8 ). The N-terminal truncated DdPPK1 still contains the residues found in bacterial PPK1 for autophosphorylation, ATP binding, and poly P synthesis. However, a mutant lacking the N-terminal sequence is enzymatically inactive and is not localized in the cell as in the WT. Of comparative interest is the PPK1 of P. aeruginosa, which contains an extra N-terminal sequence of 80 aa compared with the enzyme in E. coli (SI Fig. 8 ), which is not essential for activity (K. Ishige, N.N.R., and A.K., unpublished data).
The molecular size of the isolated DdPPK1 is Ϸ720 kDa, presumably a hexamer of the 118-kDa subunit ( Figs. 1 and 2 ). In the presence of poly P or ATP, the size increases, probably due to oligomerization. A similar capacity for oligomerization was observed with the hexameric P. aeruginosa PPK1 but not with EcPPK1, which lacks an N-terminal extension (K. Ishige and A.K., unpublished data). These properties of a PPK (oligomerization and cellular localization) are reminiscent of the remarkable DdPPK2 of Dictyostelium (19) , which polymerizes into an actin-like filament concurrent with the synthesis of poly P from ATP. Experiments using an antibody against EcPPK1 showed that DdPPK1 was probably membrane-associated (Fig. 5) . Even though the pattern of signal distribution reminds one of mitochondrial localization (21), the web-based programs Signal2.0P and Target1.1 (22) do not provide enough evidences for DdPPK1 to be mitochondrial. Moreover, Marchesini et al. found that poly P in D. discoideum is located in acidocalcisomes, the mass-dense granules containing large amounts of phosphorus, magnesium, and calcium (23) . It would be interesting to know whether DdPPK1 localizes in acidocalcisomes. This could be achieved by colocalization studies with the vacuolar pyrophosphatase. Therefore, further experiments need to be performed to establish precise cellular location of DdPPK1. Beyond the cellular functions of DdPPK1 reported in ref. 8 , we have observed an important role for DdPPK1/poly P in different stages of cytokinesis ( Fig. 7 and Table 3 ). Mutant cells failed either to divide or separate. Those that did took longer time and were likely to be multinucleated. This phenotype of incomplete cleavage furrow-ingression resembled that observed in the clathrin mutant of D. discoideum (24) and in a mutant of kinesin-like protein CHO1 of mammalian cells (25, 26) . As with several other cellular events that depend on poly P, the molecular basis for its actions in cytokinesis remain to be determined.
The enzyme DdPPK1 is the first eukaryotic PPK1 studied so far, and it is likely that many will be discovered. One such candidate is in the yeast Candida humicola, in which a PPK1 activity resembling bacterial PPK1 was observed, and a DNA 
